ABSTRACT Electrophysiology is a central tool for measuring how different driving forces (e.g., ligand concentration, transmembrane voltage, or lateral tension) cause a channel protein to gate. Upon formation of the high resistance seal between a lipid bilayer and a glass pipette, the so-called ''giga-seal'', channel activity can be recorded electrically. In this article, we explore the implications of giga-seal formation on the mechanical state of a lipid bilayer patch. We use a mechanical model for the free energy of bilayer geometry in the presence of glass-bilayer adhesion to draw three potentially important conclusions. First, we use our adhesion model to derive an explicit relationship between applied pressure and patch shape that is consistent with the Laplace-Young Law, giving an alternative method of calculating patch tension under pressure. With knowledge of the adhesion constant, which we find to be in the range~0.4-4 mN/m, and the pipette size, one can precisely calculate the patch tension as a function of pressure, without the difficultly of obtaining an optical measurement of the bilayer radius of curvature. Second, we use data from previous electrophysiological experiments to show that over a wide range of lipids, the resting tension on a electrophysiological patch is highly variable and can be 10-100 times higher than estimates of the tension in a typical cell membrane. This suggests that electrophysiological experiments may be systematically altering channel-gating characteristics and querying the channels under conditions that are not the same as their physiological counterparts. Third, we show that reversible adhesion leads to a predictable change in the population response of gating channels in a bilayer patch.
INTRODUCTION
The use of pipettes to hold and deform both model and biological membranes is a key part of the experimental repertoire of modern membrane biophysics (1) (2) (3) (4) (5) (6) . Electrophysiology is a powerful and well-accepted technique for the quantification of ion channel gating in a variety of chemical and physical settings (7) (8) (9) (10) . In some cases, the set of possible ion channel conformations depends both on which molecules are present (e.g., ligands) and the physical state of the bilayer (e.g., bilayer thickness, curvature, or lateral tension) (11) . In particular, some channels uniquely respond to their physical environment, and furthermore, it has been argued that lateral tension affects the gating of any ion channel that changes its areal footprint or hydrophobic thickness during a conformational change (8, (12) (13) (14) . Likewise, extreme conditions (e.g., very high salt concentration, very stiff bilayers, or high lateral tension) might cause some physiologically relevant channel conformations to be disfavored, while favoring conformations that are not usually adopted under physiological circumstances.
With these facts in mind, this article examines how the intrinsic interaction between a lipid bilayer and glass leads to resting tensions within a pipette that can be one or two orders-of-magnitude higher than the resting tension on a typical living cell membrane (15) . Using linear elasticity theory, we calculate the bilayer patch shape and lateral tension in the presence of an applied suction pressure in the pipette. These calculations reveal a route to determine bilayer tension without knowledge of patch curvature. We compare this calculation with previous experimental results, which suggests that there is a relatively large variability in the strength of bilayer-glass adhesion, and hence a large variability in the resting tension on the bilayer during electrophysiological experiments.
BILAYER TENSION DURING GIGA-SEAL FORMATION
As a prerequisite to calculating the relationships among pressure, bilayer geometry, and tension, we first calculate the resting tension on a bilayer that has adhered to a glass pipette in the absence of an applied suction pressure. In all of the calculations that follow in this article, we make a number of simplifying mechanical assumptions about the bilayer: First, we assume that the behavior of the system is determined by lipid bilayer mechanics alone; we do not account for the effects of any structural or cytoskeletal components. Second, we assume that there are no folds, ripples, or extraneous sources of lipids that affect the smooth and uniform adhesion of the bilayer along the glass. Third, for the magnitudes of adhesion strength and pressure considered here, we assume that the contributions to bilayer energetics from mean curvature bending are negligible, an assumption that is explored in the Discussion. Fourth, we assume that the bilayer is a linear elastic material that has a stretch modulus K A , and a linear relationship between the areal strain, f, and the lateral tension, t, given by t ¼ K A f. Fifth, we assume that adhesion between the glass and the bilayer is a reversible process that lowers the mechanical free energy. Finally, we assume that the tension in the adhered and freestanding regions is equal, but that adhesion results in a static friction between the glass and the bilayer that prevents sliding.
For the purposes of discussion, we consider a right cylindrical pipette as shown in Fig. 1 . However, we emphasize that for all of the analysis that follows, our calculations apply to any pipette shape, so long as the radius is constant in the region where the bilayer transitions from the adhered region to the freestanding region (e.g., a cylindrical pipette with a tapered or bent tip). We construct an unstressed reference area, A o , which simplifies the task of tracking how lipids partition themselves between the adhered and freestanding regions, but whose actual value has no effect on the outcome of the calculations. We define the adhered region as the domain adhered to the interior of the pipette, and we define the freestanding region as the circular domain with radius R p . The reference area relates the freestanding and adhered region areas under equal stress, where the strain in the bilayer is related to these three areas by
with A adh being the area of the adhered region. The stress and corresponding areal strain in the bilayer, f, stores an elastic stretch energy
Glass-bilayer adhesion is incorporated into the model through a phenomenological energy G adh ¼ ÀgA adh , where g is the strength of adhesion and A adh ¼ 2pR p L o for the particular bilayer configuration shown in Fig. 1 A. The adhesion energy can be rewritten as
using Eq. 1, and hence does not depend on the shape of the adhered region so long as R p remains constant. The total mechanical free energy is the sum of the bilayer stretch and adhesion energies, given by
Minimization of this energy with respect to the areal strain, f, yields the equilibrium value f ¼ g/K A , and hence the lateral tension t ¼ g in both the adhered and freestanding bilayer regions, independent of the shape of the adhered region. This result shows that the resting lateral tension in the patch is determined only by the glass-bilayer adhesion strength, not by any geometric factors describing the patch or pipette, nor the amount of lipid bound to the glass. Later in this article we determine values for the adhesion coefficient, g, which indicate that resting tensions due to adhesion may be orders-of-magnitude higher than the typical resting tension of a bilayer under physiological conditions.
BILAYER TENSION UNDER PRESSURE
When a pressure gradient is applied across the bilayer, the bilayer geometry changes to accommodate the energetic interplay between pressure and volume, such that the freestanding bilayer region adopts a domelike shape with a finite curvature (7, 12) , as shown in Fig. 1 B. We assume that this shape is described by a chord of a sphere, with a radius of curvature R c and a polar angle q, restricted by geometry to be
where the term in parentheses, r ¼ R p /R c , is a dimensionless measure of the curvature for the freestanding spherical domain. In the limit of vanishing pressure, when the freestanding region tends toward a planar configuration, R c / N and r / 0. In contrast, for high values of applied pressure, when the freestanding bilayer tends toward a shape with maximum allowable curvature, R c / R p and r / 1. For any shape that the freestanding region adopts between these two bounds, its area is given by
The parameters that describe the bilayer shape can be related to the unstressed reference area and the areal strain, f, felt throughout the bilayer in similar fashion to Eq. 1, by the relationship
where for the cylindrical pipette shown in Fig. 1 adhered area as a function of areal strain, f, and patch curvature, r. In addition to altering the amount of adhered area, the application of pressure increases the bilayer-enclosed volume relative to the zero-pressure state by an amount
c ð1 À cos qÞ 2 ð2 þ cos qÞ; (8) due to both bilayer areal strain and deformation of the freestanding region into a domelike shape. The values of L o and L p relate to the reference area, and affect where the transition between the freestanding and adhered zones is positioned within the pipette, but these parameters have no effect on the intrinsic mechanical state of the bilayer. Using Eqs. 5-7, Eq. 8 can be expressed as a function of the dimensionless curvature, r, and areal strain f. Incorporating the contributions from bilayer stretch, glass-bilayer adhesion, and pressure-volume coupling, the expression for the total bilayer free energy under pressure is
In contrast to the free energy at zero pressure, this free energy depends on two, independent variables, namely the areal strain, f, and the dimensionless curvature r; whereas the pipette size R p , pressure p, and adhesion constant g are fixed parameters. In this situation, mechanical equilibrium is found by minimizing the free energy with respect to f and r simultaneously. Minimization of G with respect to f yields the equilibrium value of the areal strain f ¼ (g þ pR/2)/K A . Multiplication of the areal strain with the stretch modulus gives the bilayer tension under pressure
Equation 10 shows that the tension has a linear relationship to the adhesion strength, and has a separate linear dependence on the applied pressure. Note that the tension does not depend on the amount of adhered or freestanding area; the reference area; the radius of curvature of the freestanding region; or the position of the transition between the adhered and freestanding regions. This means that if one performs a set of calibration experiments to determine the glass-bilayer interaction energy (as discussed in Measuring Adhesion Strength from Bilayer Curvature), and then measures the pipette radius and the applied pressure, one knows the lateral tension without any measurements of patch curvature. Minimization of the free energy in Eq. 9 with respect to the dimensionless curvature r yields two equations, one of which has the trivial solution r ¼ 0, whereas the other equation gives
This equation makes a connection between the curvature of the freestanding region and applied pressure. Whereas normally, one must measure the curvature at each pressure to determine tension, we have derived a mechanical relationship that allows one to accurately calculate the curvature as a function of pressure. Conversely, one can rearrange this equation to
and use it as a tool to calibrate subsequent measurements. Specifically, by measuring the curvature of the freestanding region as a function of pressure, one can fit this equation to find the adhesion coefficient, g, for a particular type of lipid and thus use Eq. 10 to find the tension in any subsequent experiment where the pipette size is known. Combining our Eqs. 10 and 12 yields the familiar Laplace-Young Law, t ¼ pR c /2, demonstrating that these are consistent formulations. In addition to the dimensionless curvature r, the parameters in Eqs. 10 and 11 can be arranged to yield a dimensionless tension b t ¼ t=g and a dimensionless pressure b p ¼ pR p =2g. With these three dimensionless parameters, Eqs. 10 and 11 reduce to universal, parameter-free forms, given by Fig. 2 shows plots of b t and r as a function of the dimensionless pressure b p, to illustrate the functional form of these curves.
Our model also predicts that as pressure is applied and the domelike shape in the freestanding region appears, the bilayer stretches, and the proportion of lipids in the adhered region decreases, whereas the proportion of lipids in the freestanding region increases accordingly. We can couch this mathematically as the amount of lipid in the freestanding region at a given (dimensionless) pressure relative to the original amount of lipid in the freestanding region at zero pressure, given by
where (16)) is the areal strain of the bilayer at zero pressure, and the factor 1/(1 þ f) relates the stressed bilayer area to the unstressed area, and hence to the amount of lipid. This effect occurs because it is energetically favorable to remove lipids from the adhered region at a fixed cost per unit area, and add them to the dome-like, freestanding region where they increase the bilayer-enclosed volume that couples to the applied pressure, as shown in Fig. 3 , B and C. This exchange of lipids from the adhered to the freestanding region is relatively small and hence should not affect the giga-Ohm seal resistance significantly. Experimental results suggest that within the same patch, freestanding bilayer height (17) and radius of curvature (7) are both reproducible aspects of bilayer geometry under pressure, and hence we expect this small exchange of lipids to be a reversible process. For a fixed protein/lipid ratio, this increase in the amount of lipid in the freestanding region may also translate to a proportional increase in the amount of protein found in the freestanding region, and hence an increase in the number of measurable channels. In such a situation, the total number of channels as a function of applied pressure is given by
where N is the number of channel proteins in the freestanding region, a o is the area per lipid molecule, and c is the protein/lipid number ratio. At high pressures, where the areal strain is~3-4%, this increase in freestanding bilayer, and the corresponding increase in measurable proteins, can be as large as~20%, as shown in Fig. 3 A. For example, noninteracting channels that each individually have a dose-response as a function of pressure Pðb pÞ, would have a population dose-response proportional to Nðb pÞPðb pÞ. Thus, in the absence of any mechanosensitivity of the channels themselves, a population of channels may exhibit a sensitivity to applied pressure, simply because the number of measurable channels increases as pressure increases.
MEASURING ADHESION STRENGTH FROM BILAYER CURVATURE
Using data from distinct preparations of multiple lipid mixtures that link curvature of the freestanding region to applied pressure, we calculated the glass-bilayer adhesion energy, g, though as is evident below, the adhesion strength shows significant variation from one preparation to another. As part of their study to understand the gating of the mechanosensitive channel MscL (7), Moe and Blount obtained detailed measurements of patch curvature as a function of applied pressure. They measured the freestanding bilayer shape and channel electrical response on the same patch multiple times, confirming that both bilayer shape in the pipette and channel response to pressure are reproducible and reversible phenomena. Their data can be used to fit Eq. 12 for the adhesion energy and the pipette radius R p . Ideally, if all pipettes and lipid preparations were identical, all of the lines associated with a particular lipid type would have the same slope, and only the pipette radius would change from one experiment to the next. However, the variability in our fits suggests that things may not be so simple. There are a number of potential ways that the interaction between glass and bilayer may be altered: for example, pH drift in the recording buffer (18, 19) , slight variations in glass composition and surface roughness, or changes in adhered lipid composition.
We performed this linear fit on the data to extract the adhesion energy for the different lipid mixtures. Our fitting results are summarized in Figs. 4 and 5 . Some lipid mixtures show fairly homogeneous values of the adhesion energy, whereas others span a factor of two or three. Across all lipid types, the mean bilayer-glass adhesion energy was estimated to be 2.2 5 1.2 mN/m. In a similar study, Opsahl and Webb (20) also reported values with a wide range of g ¼ 0.5-4 mN/m. Interestingly, when using the data published in their article, our model gives a slightly different result. Specifically, from their Fig. 3 , they calculate g ¼ 2.6 mN/m, whereas we calculate g ¼ 1.9 mN/m. This difference stems from the way Opsahl and Webb incorporate the effects of adhesion into their model. They assume that the adhesion force, which acts normal to the contact surface, has a maximum value T a . At the point of contact between the freestanding region and the pipette, this maximal force in the adhered region is balanced by the component of the tension in the freestanding region that acts perpendicular to the pipette surface. This force balance equation, along with the Laplace-Young Law for the freestanding region and a geometric relation similar to Eq. 5, results in the relationship
To make a comparison with this expression, we square the two sides of Eq. 12 to obtain
Considering g equal to T a , the difference between the two relations is restricted to the term 4g R p /p. We can use the same dimensionless parameters used previously to illuminate the differences between these two methods. As noted earlier, this work found that the dimensionless tension and pressure were related by b t ¼ 1 þ b p, whereas Opsahl and
The differences in these two formulations are shown in Fig. 2 . Numerically, these analytic differences seem significant, especially at intermediate pressures 1=2(b p(3=2. FIGURE 4 Glass-bilayer adhesion measured in different bilayer mixtures. Measurements of patch curvature as a function of applied pressure can be fit to Eq. 12 to find values of the adhesion energy, g, from the slopes of the lines. Within a lipid mixture, variations in adhesion strength may be due to differences in pipette glass or buffer conditions (18) . Between lipid mixtures, variations may be due to headgroup chemistry. Graphs A-E use data from Moe and Blount (7); graph F uses data from Opsahl and Webb (20) . The different colors/symbols in each plot correspond to distinct data sets for a particular lipid type.
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APPLICATIONS TO MECHANOSENSITIVE CHANNELS
In patch-clamp experiments with reconstituted mechanosensitive channels, varying the pressure across the bilayer results in increased tension that gates the channels. Both theoretical models and careful experimental studies have successfully established the functional dependence of channel gating on the tension in the lipid bilayer. However, to further our understanding of the gating mechanisms of these channels, it would be useful to connect the applied pressure to the corresponding tension in the bilayer without the tedious imaging usually required to measure the curvature of the freestanding region. To this end, below we examine available data from the experiments on mechanosensitive channels using 1), the Laplace-Young Law, 2), the formulation of Opsahl and Webb, 3), and the formulation developed in this work.
Method 1
As shown earlier, the two equilibrium Eqs. 10 and 12 obtained from energy minimization together yield the Young-Laplace relation, t ¼ pR c /2, for the freestanding bilayer region. If the bilayer curvature is known along with the pressure, this relation provides the most straightforward approach to compute the lateral tension. In their study of MscL gating, Moe and Blount (7) used the LaplaceYoung Law to calculate the gating probability of the channel as a function of bilayer tension. However, in general, due to the challenges associated with obtaining optical data on the bilayer curvature, this approach has limited applicability.
Method 2
If optical data of bilayer curvature are lacking, the approach of Opsahl and Webb (20) can be used to calculate the radius of curvature of the freestanding bilayer region. As discussed in Measuring Adhesion Strength from Bilayer Curvature, the radius of curvature is given by
and substituting this expression into the Young-Laplace relation yields
Thus, with knowledge of the pipette radius and the adhesion energy, one can calculate the bilayer tension from this expression.
Method 3
For the same scenario where the curvature of the freestanding region is not known, a measure of the tension can be obtained from Eq. 10, t ¼ g þ pR p /2, derived earlier. This is equivalent to the substitution of Eq. 12 into the Young-Laplace relation. Similar to Method 2, an estimate of the adhesion energy and the pipette radius are required to calculate bilayer tension. However, in contrast to the relation presented in Method 2, in this method tension exhibits a linear dependence on adhesion energy, pipette size, and pressure, and is hence numerically distinct.
Comparing the tensions calculated from Method 2 (b t 2 ) and Method 3 (b t 3 ), we note that for higher values of b p both methods increase in a manner fb p, as shown in Fig. 2 , and the relative difference in tension between the two methods, 2ðb t 2 À b t 3 Þ=ðb t 2 þ b t 3 Þ, has a maximum at b p ¼ 1 of~0.34, and then decreases like b p À1 . We use the approaches discussed above to estimate the gating tension of the mechanosensitive channel of large conductance (MscL) from experiments that use three different lipid bilayers: PC16, PC18, and PC20, with acyl chain lengths of 16, 18, and 20 carbons, respectively. This study by Perozo et al. (10) estimated the applied pressure for the opening of a MscL channel to be~24 mm Hg, 42 mm Hg, and 72.7 mm Hg, respectively. Due to the lack of available data on bilayer curvature, we use Methods 2 and 3 to estimate the gating tensions for the three different lipid types, and present these results in Table 1 . To make these estimates, we assume an average adhesion energy of 3.7 mN/m for pure PC bilayers, as suggested by Fig. 5 , and a pipette radius of 1 mm. For comparison, Moe and Blount (7) estimated the gating tension at~10 mN/m for a MscL channel reconstituted in a DOPC/DOPS (1:1) bilayer.
DISCUSSION
Although a general consensus about the value of resting tension in cell membranes is lacking, a few studies have estimated it to be in the range of~0.004-0.04 mN/m (15, 21, 22) . On average, we calculated the tension induced by glassbilayer adhesion to be~2 mN/m. Thus, our work indicates that channel proteins reconstituted into lipid bilayers that are adhered to a pipette are subject to lateral tensions significantly higher than those found in cell membranes. Considering that many channels that were thought to be strictly voltage-gated channels respond in a nontrivial way to tension (8, 14, 23, 24) , and the fact that tension has been shown to alter the available conformational states of some channels (25), we wonder whether this large resting tension in patch-clamp experiments relative to those found in cells is systematically affecting a broad class of electrophysiological measurements.
In this work, we used linear elasticity to calculate the tension in a lipid bilayer adhered onto a glass pipette. For simplicity, we neglected the contribution of bending energy to the total system energy. A simple comparison of the orders of magnitude of the different energies justifies this approximation. For the case of vanishing applied pressure, an estimate of the increase in adhesion energy per unit unstressed area is Àgf, which is~À0.02 mN/m for g z 2 mN/m. The increase in stretch energy per unit initial area is given by K A f 2 /2 and is calculated to bẽ 0.01 mN/m for K A z 250 mN/m (16) . The bending energy of the bilayer per unit area is given by 2k b H 2 , where k b is the bending modulus of the bilayer. The cylindrical section has a mean curvature of H ¼ 1/2R p whereas the spherical patch has a maximum mean curvature of H ¼ 1/R p , and hence, for a typical value of k b z 10 À19 J and R p z 1 mm, these contributions are~10 À5 mN/m, which is two ordersof-magnitude smaller than the adhesion and stretch energies, and hence can be safely neglected.
Our elastic model treats the bilayer as a single elastic element, when in fact it is composed of two distinct leaflets that are coupled together by hydrophobicity. This treatment is equivalent to saying that the two leaflets are elastically identical and strongly coupled together. The strength of leaflet coupling does not affect the adhesion strength of the outer leaflet to the glass, nor the way that pressure and volume of the domed shaped interact, because that is strictly a geometrical feature. Hence leaflet coupling does not affect our calculations of tension and shape through energy minimization. Weaker interleaflet coupling may result in an asymmetric distribution of the mean tension between the two leaflets.
The areal strain of a bilayer under arbitrary pressure can be calculated by knowing the stretch modulus, K A x 250 mN/m, and tension on the bilayer (Eq. 10). Using average values of the adhesion strength (g x 2 mN/m) and stretch modulus, the areal strain of the bilayer is~1% at zero pressure. During electrophysiological experiments, the applied pressure is of~1/10 of an atmosphere or p x 10 kPa, and the pipette radius is~1 mm, leading to an areal strain of~2-3%. Although bilayer rupture is a stochastic process (26) , the approximate maximum strain that a bilayer can typically endure is~3-4% (27) . Thus, in the presence of adhesion and pressure, the bilayer is in the vicinity of its failure point. In addition, studies have linked the strength of glass-bilayer adhesion to increased giga-seal resistance (18) and hence decreased noise in electrophysiological measurements. These facts suggest a fundamental tradeoff between patch lifetime and measurement noise; patches that adhere more tightly to the glass form a better giga-seal but fail more quickly due to stochastic rupture. Likewise, Eq. 10 shows that a larger pipette radius generates higher areal strain and bilayer tension, thus enhancing the risk of bilayer rupture.
The topic of bilayer-substrate adhesion has been an area of lively research, and as such we conclude with a few related remarks to put this work into a larger context. Adhesion is often studied using constant volume vesicles where adhesion strength can be determined from vesicle shape constraints (28) . However, in the setting of electrophysiology we have used the complementary constant pressure ensemble. Additionally, whereas bilayer adhesion is often mediated indirectly by proteins, the adhesion we consider here involves the binding of individual lipids to glass, and hence tends to be significantly stronger than protein-mediated adhesion. For example, Seifert and Lipowsky (29) modeled the morphology of vesicles weakly adhered to substrates with g z 10 À6 -10 À5 mN/m, and Smith et al. (30) studied the pulling of tethers in vesicles adhered to rigid substrates for adhesion strengths at~10 À3 mN/m. Experimentally, Smith et al. (31) used magnetic tweezers to study the force-deflection of vesicles with protein-mediated adhesion, finding g z 10 À5 mN/m. Our estimate of the average adhesion strength, as well as estimates from bilayers (20) and even from different types of cell surfaces (17) , suggest that direct binding of lipid on glass is a significantly stronger form of adhesion, of~g x 2 mN/m. Furthermore, our calculations based on the experimental data of Perozo et al. (10) , indicate that applied pressure and adhesion are each contributing approximately equally to the net tension required to gate certain mechanosensitive channels in electrophysiological experiments. The fact that the resting tension comprises a significant portion of the gating tension, even for large mechanosensitive channels (e.g., MscL), together with the Biophysical Journal 101 (8) 1913-1920 fundamental tradeoff between adhesion strength and measurement noise, indicates the existence of an electrophysiological blind spot. Any channel that has conformational changes sensitive to tensions %g x 2 mN/m would be inaccessible to electrophysiology, yet it is precisely this lower tension regime (2 mN/m that seems physiologically relevant for a broad range of cellular membranes.
CONCLUSION
In this work we used a linear elastic model and data from previous experiments on mechanosensitive channels to gain a better understanding of how glass-bilayer adhesion affects the mechanical state of a bilayer patch during an electrophysiological experiment. We derived an alternative method for calculating bilayer tension that does not rely on imaging the bilayer, but does require knowledge of the adhesion strength and pipette size. We used this to calculate the adhesion strength across multiple lipid types and found that it is highly variable, and that adhesion causes the resting tension, in the absence of applied pressure, to be orders-ofmagnitude higher than estimated physiological tensions.
Additionally, our calculations indicate that applied pressure augments the amount of lipid in the freestanding bilayer region, thus increasing the amount of measurable channel proteins during an experiment and, hence, imbuing every patch with a pressure-dependent response. Together, these insights should make it easier to measure and interpret the mechanical state of the bilayer, although they also suggest the existence of multiple sources of uncontrolled variation in apparent channel behavior during electrophysiological experiments.
